Abstract. Proteasome inhibitors and histone deacetylase (Hdac) inhibitors are two promising groups of anti-cancer agents. in this study, we examined the apoptotic effects of the proteasome inhibitor bortezomib and Hdac inhibitor suberoylanilide hydroxamic acid (SaHa) in human cervical carcinoma Hela cells. compared to treatment with bortezomib or SaHa alone, co-exposure with these two agents synergistically resulted in the massive apoptosis of Hela cells, consistent with a significant increase in caspase-3 activation. We then investigated the mechanisms underlying this effect. The combination of bortezomib and SaHa caused an increase in the ratio of bax/bcl-2 expression, inhibited the nuclear transportation of nF-κB, and down-regulated akt expression and phosphorylation in Hela cells. in conclusion, bortezomib and SaHa cooperatively stimulate apoptosis in Hela cells through the inhibition of several cyto-protective signalling pathways. This is the first report of synergistic apoptotic effect achieved with a proteasome inhibitor and Hdac inhibitor in Hela cells. Thus, the results build the framework for clinical trials using combined proteasome and Hdac inhibition in the treatment of human cervical carcinoma.
Introduction
Human cervical carcinoma is one of the most common malignancies in women. although conventional chemotherapy induces a high rate of complete remission, relapse is frequently observed and these patients have a poor clinical outcome (1) .
insights into the pathogenesis of human cervical carcinoma reveal alterations in cell proliferation and apoptosis, and the dysregulation of multiple intracellular signaling pathways, such as nuclear factor nF-κB and akt (2) . Therefore, improved approaches to treating cervical carcinoma are likely to result from the investigation of those non-chemotherapeutic agents that specifically target the pathways that cancer cells depend on for their survival.
Protein degradation by proteasomes is vital to cell viability, ensuring the exact regulation of the breakdown of the metabolic enzymes, transcription factors and proteins involved in the cell cycle and cell death. Proteasome inhibitors represent a new treatment strategy targeting the 26S proteasome, a component of the ubiquitin-proteasome complex responsible for the degradation of unwanted cellular proteins. These inhibitors show significant activity against various cancer cells, leading to the induction of cellular apoptosis (3) . Bortezomib (Velcade, PS-341) is the first clinically available proteasome inhibitor, and its use was recently reported in the treatment of human cervical carcinoma (4) .
Mutation or aberrant expression of genes, especially those responsible for the cell cycle and apoptosis, is commonly related to the tumorigenesis of many types of cancer. The acetylation and deacetylation of histone play an important role in the regulation of these genes. Histone deacetylase (Hdac) inhibitors constitute a group of compounds that promote histone acetylation, chromatin uncoiling and the transcription of genes involved in multiple cellular processes, including apoptosis (5) . Suberoylanilide hydroxamic acid (SaHa), a hydroxamic acid Hdac inhibitor, has shown single-agent efficacy in HeLa cells (6) .
Previous studies have shown that the synchronous inhibition of the proteasome and Hdac functions against many non-solid tumors, including multiple myelomas, mantle cell lymphoma and T-cell lymphoma (7) (8) (9) . However, the possible effects and therapeutic mechanisms of this combination in Hela cells remain to be investigated. To address this issue, we examined the combined action of the proteasome inhibitor bortezomib with SaHa in Hela cells in vitro. These two agents interact in a highly synergistic manner to induce apoptosis in Hela cells. Hela cells are associated with multiple perturbations in the apoptotic and survival pathways. Therefore, these results warrant further investigation of bortezomib and SaHa in combination as a potential therapy for human cervical carcinoma.
Materials and methods

Cells and reagents.
Human cervical carcinoma Hela cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% newborn bovine serum in a 5% co 2 humidified atmosphere at 37˚C.
Bortezomib was obtained commercially (Millennium Pharmaceuticals, cambridge, Ma, uSa) and SaHa (aton Pharma, Tarrytown, nY, uSa) was kindly provided by Merck & co., inc. (Whitehouse Station, nJ, uSa).
Primary antibodies against caspase-3, bax, bcl-2, nF-κB, akt and phosphorylated akt (p-akt) were obtained from cell-Signaling Technology (Beverly, Ma, uSa). antibodies against glyceraldehyde phosphate dehydrogenase (gaPdH) and lamin-B1 were purchased from abcam (cambridge, uK). Horseradish peroxidase-conjugated goat anti-mouse igg and goat anti-rabbit igg were obtained from cell Signaling Technology.
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) reduction assay.
The determination of cell viability was carried out using the MTT reduction assay, based on the reduction of tetrazolium salt. in brief, MTT (Pufei, Shanghai, P.r. china) was added to the culture medium at the end of incubation. After incubation with MTT at 37˚C for 4 h, the media was removed and the cells were lysed and formazandissolved with 150 µl dimethyl sulfoxide. absorbance was measured at 492 nm with a microplate reader (Thermo Scientific, Anaheim, CA, USA), and results were expressed as the percentage of MTT reduction, assuming the absorbance of control cells as 100%.
Determination of synergistic effect. Synergistic interaction is determined by improved loewe analysis as described previously (10) . Briefly, the IC 50 values of bortezomib and SaHa were defined as the concentration needed for a 50% reduction in absorbance calculated based on the cell viability curve using the MTT assay, Hela cells were treated with mixtures of bortezomib and SaHa, and the appropriate volumes were used to obtain drug mixtures at seven ratios (0:5, 1:4, 2:3, 1:1, 3:2, 4:1 and 5:0) at their predicted ic 50 values (e.g., a 1:1 ratio was prepared by mixing an equal volume of bortezomib at its predicted ic 50 with SaHa at its predicated ic 50 ). The combination index (ci) was defined as CI = d 1 /Dy 1 + d 2 /Dy 2 , where d 1 and d 2 are the doses of bortezomib and SaHa in mixture, respectively. This produces an effect y; Dy 1 and Dy 2 were the doses that produced the same effect as y when used alone. The combination dose (d 1 , d 2 ) was determined to be synergistic when the ci was <1.
Assessment of apoptosis
Giemsa and Hoechst 33258 staining. cell morphology was examined using giemsa and Hoechst 33258 staining. in brief, cells were seeded on poly-l-lysine-coated coverslips for 24 h, treated with the drugs for the indicated times and then fixed with 4% paraformaldehyde. The coverslips were stained with giemsa or Hoechst 33258. Five hundred cells from each slide were examined and counted under a fluorescence microscope (leica, Wetzlar, germany).
Electron microscopy. electron microscopy was used to examine the ultra-structure of the Hela cells. cells were rinsed in 0.1 M phosphate buffer (pH 7.4), post-fixed for 1 h in 1% osmium tetroxide, dehydrated in alcohol and embedded in epoxy resin. Semi-thin sections (1-µm thick) were stained with 1% toluidine blue to locate areas of interest for electron microscopic examination. ultrathin sections stained with uranyl acetate and lead citrate were examined under a TeM-100cX electron microscope (Japan electron optical laboratory, Tokyo, Japan).
Real-time quantitative RT-PCR.
Total rna was isolated from Hela cells after treatment for the indicated times using Trizol reagent (invitrogen) according to the manufacturer's instructions. The first-strand cDNA was synthesized with a Revert Aid first strand cDNA synthesis kit (MBI Fermentas, Vilnius, lithuania). cdna, primers and iQSYBr green SuperMix (Bio-Rad, Hercules, CA, USA) in a final volume of 25 µl were used for PCR. Amplification and detection of specific products were carried out in a Mini opticon real-time Pcr system (Bio-rad) under the following conditions: 40 cycles at 94˚C for 30 sec, 58˚C for 30 sec and 72˚C for 40 sec. Specific primers were used to amplify cDNA for bcl-2 (5'-TccgaTcagaaggcTagagTT-3';
5'-TcggTcTcc Taaaagcaggc-3') and for bax (5'-Tccccccga gaggTcTTTT-3'; 5'-cggccccagTTgaagTTg-3'). as the internal control, 18S rna primers (5'-aTcccT gaaaagTTccagca-3'; 5'-cccTcTTggTgaggTca aTg-3') were used for rna template normalization.
Whole cell protein extraction and Western blot analysis.
cells were lysed in riPa buffer [150 mM nacl, 1% nP-40, 0.5% doc, 0.1% sodium dodecyl sulfate and 50 mM Tris/Hcl (pH 8.0)] supplemented with 1 µg/ml aprotinin and 100 µg/ ml phenylmethylsulfonyl fluoride. The cell suspension was incubated on ice for 30 min then centrifuged at 20,000 x g for 15 min at 4˚C. The supernatants were collected for further analysis. The protein concentration of the samples was determined by the Bradford assay. a total of 20 µg of proteins was separated by 10 or 15% sodium dodecyl sulfatepolyacrylamide gels and transferred onto nitrocellulose membranes (amersham Pharmacia Biotech, little chalfont, uK). The membranes were blocked with 5% (W/V) fat-free dry milk in TBS-T buffer (20 mM Tris-Hcl, pH 7.6, 137 mM NaCl and 0.05% and incubated overnight at 4˚C with the relevant primary antibodies. Blocked membranes were washed and incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies for 45 min. immunocomplexes were visualized using the enhanced chemiluminescence Western blotting detection system (cellSignaling Technology) with exposure of the membranes to X-ray film (Eastman Kodak, Rochester, NY, USA). GAPDH and lamin B1 were used to ensure equivalent loading of whole and nuclear cellular protein, respectively. The signal intensities of the respective bands were quantified by a scanning densitometer using an image analysis system with Scion image version 4.03 software.
Statistical analysis. data were expressed as the mean ± SeM of at least three independent experiments. Statistical significance was determined using anoVa. P<0.05 was considered significant.
Results
Bortezomib and SAHA in combination induced synergistic cytotoxicity in HeLa cells.
To determine the combined effect of bortezomib and SAHA on cell viability, we first examined the survival rate of Hela cells after treatment with bortezomib and SaHa. The MTT assay showed that both bortezomib (2.5-80 nM) (Fig. 1a) and SaHa (1-10 µM) (Fig. 1B) treatment markedly reduced Hela cell viability in a dose-dependent manner after 24 h. At a fixed anticipated inhibition rate of 50% (ic 50 ), Hela cells were treated for 24 h with drug combinations of different ratios. compared to each agent alone, a significant decrease in the cell survival rate was observed with the combined treatment (Fig. 1c) . Median doseeffect analysis yielded a ci value of <1.0 for the combination at all different ratios, indicating a synergistic interaction between bortezomib and SaHa (Fig. 1d) . For example, 5.6 nM bortezomib and 4.3 µM SaHa alone induced a reduction in cell viability of ~20 and 30%, respectively; however, in combination they achieved a >80% reduction (Fig. 1d) . Treatment with the combination of drugs was used in the following studies to achieve the maximal inhibitory effect. These data suggest that bortezomib and SaHa synergistically decrease the viability of Hela cells.
Bortezomib and SAHA in combination synergistically triggered apoptosis in HeLa cells. To determine whether the growth inhibition induced by bortezomib and SaHa in Hela cells was caused by apoptosis, we employed giemsa and Hochest 33258 staining to examine the morphological changes in Hela cells after treatment. after treatment with bortezomib or SaHa alone for 24 h, ~50% of the Hela cells showed the characteristic morphological changes of apoptosis, including shrinking of the cytoplasm and nuclear fragmentation with an intact cell membrane (Fig. 2a-a) or a contracted nucleus and condensed chromatin fragments (Fig. 2a-b) . The amount of apoptotic cells was dramatically increased after co-treatment with bortezomib and SaHa, with >80% of Hela cells determined as apoptotic. The apoptotic cells were quantified and it was revealed that co-treatment resulted in a significant increase in apoptosis compared to single treatment (P<0.05, Fig. 2B ).
after co-treatment with bortezomib and SaHa, cell morphology was further analyzed by electron microscopy. a considerable number of cells presented the features of late apoptosis, including cell shrinkage, nuclear condensation and fragmentation, and the formation of apoptotic bodies (Fig. 2c) . By contrast, the cells treated with bortezomib or SaHa alone only showed some signs of early apoptosis. chromatin condensation only occurred at the peripheral areas of the nuclei, and few apoptotic bodies were observed. These data suggest that the combination of bortezomib and SaHa expedites the process of apoptosis in Hela cells.
To further confirm the level of apoptosis in HeLa cells after co-treatment with bortezomib and SaHa, Western blot analysis was used to examine the cleavage of caspase-3 in cells under various treatments. as showed in Fig. 2d , bortezomib in combination with SAHA significantly induced the cleavage of caspase-3, whereas single treatment exerted minimal effects (Fig. 2d) . no cleavage of caspase-3 was detected in untreated cells. These data demonstrate that bortezomib in conjunction with SaHa represents a potent stimulus for caspase-3 activation and apoptosis in Hela cells. underlying the corporative effect of bortezomib and SaHa in apoptosis induction in Hela cells, we decided to examine whether bortezomib and SaHa treatment affect the ratio of pro-apoptotic bax and anti-apoptotic bcl-2 at both the transcription and protein levels. real-time rT-Pcr results revealed an increase in bax mrna expression and a decrease in bcl-2 mrna expression, which led to a substantial increase in the bax/bcl-2 ratio (Fig. 3a) . compared to the control group, there was no significant change in bax or bcl-2 mRNA expression in single-treated cells. Western blotting was then used to analyze the expression of bax and bcl-2 proteins after the co-treatment. The level of bax protein was increased after co-treatment, whereas less bcl-2 protein was detected in the Hela cells (Fig. 3B and c) . consistent with the gene expression, the protein ratio of bax/bcl-2 was highly increased after co-treatment of bortezomib and SaHa. There was no change in bax or bcl-2 protein expression between the single-treated and control groups. This indicates that the combination of bortezomib and SaHa induces massive apoptosis by altering the gene and protein expression of bcl-2 and bax.
Bortezomib and SAHA in combination enhanced the expression ratio of bax/bcl-2. To further investigate the mechanism
Bortezomib and SAHA in combination affected NF-κB nuclear translocation and Akt expression. The nF-κB pathway is a key pathway that promotes the expression of proliferative and anti-apoptotic genes. it has been demonstrated that the functions of nF-κB depend on its cellular distribution (11) . To determine whether nF-κB is involved in the synergistic apoptotic effect of bortezomib and SaHa, we examined the alteration in nF-κB distribution in the Hela cells. compared to the control, bortezomib and SaHa alone had little effect on cytoplasmic nF-κB expression, though nuclear nF-κB expression was slightly enhanced (Fig. 4a) . despite the elevated level of nF-κB observed in the cytoplasm of the Hela cells, after the co-treatment there was a significant decrease in the amount of nuclear NF-κB ( Fig. 4a and B) . These data indicate that the combination of bortezomib and SaHa affects the nuclear translocation of nF-κB in Hela cells, suggesting that the dysfunction of nF-κB may be involved in the cooperative apoptotic effect of bortezomib and SaHa.
in addition, the akt pathway has important functions in cell survival and proliferation and is frequently hyperactivated in most human cancers. it regulates many downstream signal molecules, including nF-κB, Bcl-2 family proteins and murine double minute 2, via phosphorylation and activation of key molecules (12) . Therefore, we finally examined the expression and phosphorylation of akt in Hela cells. There was no notable change in akt protein expression in Hela cells after treatment with bortezomib or SaHa alone. The phosphorylation of akt was decreased in Hela cells after bortezomib treatment, but not after SaHa treatment. More importantly, co-treatment with bortezomib and SaHa induced a marked reduction in the level of akt and its phophorylation. These data imply that akt pathway may also be associated with the enhanced apoptosis induced by the combination of bortezomib and SaHa (Fig. 4c and d) . Human cervical carcinoma is a malignancy characterized by an aggressive course, a poor prognosis and a low chemosensitivity to common drugs. Bortezomib, a powerful proteasome inhibitor, targets the 26S proteasome and leads to the induction of cellular apoptosis in various cancer cells (13) . By promoting histone acetylation, chromatin uncoiling and the transcription of genes involved in multiple cellular processes, including apoptosis, SaHa exerts a marked apoptotic effect on a number of tumor cell types, whereas normal cells appear to be relatively resistant to the drug (14) . recently, these two agents have been evaluated in human cervical carcinoma and have been shown to have an anti-tumor effect in vitro and in vivo (1, 4, 6) . our study shows that bortezomib and SaHa synergistically induce apoptosis in Hela cells, associated with a marked increase in caspase-3 activation, the bax/bcl-2 ratio and the negative modulation of the nF-κB and akt pathways. The Bcl-2 protein family is known to constitute a central checkpoint during apoptosis. We studied the pro-apoptotic bcl-2 family member bax due to its central role in regulating cytochrome c release in stressed cells. overexpression of bax induces the release of cytochrome c from mitochondria. released cytochrome c contributes to apoptosis by binding apaf-1 and caspase-9, whereas anti-apoptotic bcl-2 binds to bax and can form heterodimers, which block apoptosis in cells. The relative ratio of bax to bcl-2, rather than the single expression of either protein, prescribes survival or death to diverse apoptotic stimuli (15) . our data clearly demonstrate that co-treatment of Hela cells with bortezomib and SaHa resulted in an increase in the level of bax with a concomitant decrease in bcl-2 levels and an increase in bax/bcl-2 ratio, as compared to cells treated with bortezomib or SaHa alone. The increase in the bax/bcl-2 ratio is concomitant with the morphological appearance of apoptosis and the activation of caspase-3, and may explain the synergistic mechanism of bortezomib and SaHa.
The nF-κB pathway is one of the most important signaling cascades, promoting the expression of proliferative and antiapoptotic genes. There is increasing evidence of the existance of alterations of the nF-κB-associated pathways in Hela cells (2) . The blockade of iκBa degradation by proteasome inhibitors sequesters nF-κB into the cytosol, preventing its nuclear translocation and the activation of gene transcription (8) . on the other hand, nF-κB is regulated by reversible acetylation, therefore its activity may be modified by the action of HDAC inhibitors (16) . Hdac inhibitors block the nuclear translocation of nF-κB via the acetylation of STaT1 (14) . Taken together, the combination of bortezomib and SaHa may synergistically prevent nF-κB nuclear translocation and subsequent transactivation, which could lower the threshold for each drug's lethality. in our study, when bortezomib was used in combination with SAHA, a significant blockade of NF-κB nuclear translocation was observed, suggestive of their synergic mechanism as negative regulators of the nF-κB pathway.
The akt pathway is another major anti-apoptotic and pro-survival pathway that is frequently hyperactivated in most human cancers. activated p-akt promotes cell growth and survival by inactivating downstream substrates such as Bad, procaspase-9 and Forkhead transcription factors (17) . The proteasome inhibitor bortezomib is an agent that has multiple potential mechanisms of action, including the downregulation of akt phosphorylation (18) . in addition, SaHa may bind to Hdac, preventing the association of Hdac with specific phosphatases. These can then interact with Akt, inducing its dephosphorylation and inactivation (19) . our data show that the combination of bortezomib and SaHa attenuates the levels of the phosphorylated form of akt and total akt, indicating that akt signaling further down-modulates the apoptotic threshold.
Both the nF-κB and akt cascades play a critical role in the resistance of cancer cells to chemotherapy and radiation therapy by protecting them from the induction of apoptosis (20) . Previous studies have shown that akt regulates the nF-κB pathway via the phosphorylation and activation of molecules in the nF-κB pathway (21) . Furthermore, the disruption of the akt pathway may contribute to the inactivation of nF-κB, leading to a more lethal effect than the interruption of either pathway alone. Since nF-κB down-regulates the bax/bcl-2 ratio, its inactivation results in an increase of the bax/bcl-2 ratio and further caspase-3 activation.
in conclusion, bortezomib interacts with SaHa by disrupting the akt and nF-κB signaling pathways, thus triggering an increase in the bax/bcl-2 ratio and caspase-3 activation, eventually leading to the synergistic induction of apoptosis in HeLa cells. These findings indicate that this combination regimen is promising for the treatment of patients with human cevical carcinoma.
